Early detection of colorectal cancer is critical for the management of this disease. Biomarkers for early detection of several cancers have been developed and applied clinically in recent years. We have sought to discover candidate biomarkers without the restricted choice of markers placed on microarrays, and without the biological complications of genetic and environmental heterogeneity. We have compared by cDNA subtraction two genetically matched sets of mice, one developing multiple intestinal neoplasia (C57BL͞6J-Apc Min ) and the other tumor-free (C57BL͞6J). One prominent candidate biomarker, clusterin, was then subjected to a series of validation steps. In situ hybridization and immunohistochemistry were used to analyze clusterin expression at a cellular level on a series of murine intestinal and human colonic neoplasms. Elevated clusterin expression was characterized within certain regions of murine and human tumors regardless of tumor stage, location, or mode of initiation. The cells showing high clusterin levels generally lacked differentiation markers and adenomatous polyposis coli antigen. Tumor cells undergoing apoptosis expressed low levels of clusterin. Its specific expression patterns and correlation with cellular events during tumorigenesis make it a useful diagnostic tool in the mouse and a potential contributor to the set of biomarkers for early detection of human colon cancer.
Early detection of colorectal cancer is critical for the management of this disease. Biomarkers for early detection of several cancers have been developed and applied clinically in recent years. We have sought to discover candidate biomarkers without the restricted choice of markers placed on microarrays, and without the biological complications of genetic and environmental heterogeneity. We have compared by cDNA subtraction two genetically matched sets of mice, one developing multiple intestinal neoplasia (C57BL͞6J-Apc Min ) and the other tumor-free (C57BL͞6J). One prominent candidate biomarker, clusterin, was then subjected to a series of validation steps. In situ hybridization and immunohistochemistry were used to analyze clusterin expression at a cellular level on a series of murine intestinal and human colonic neoplasms. Elevated clusterin expression was characterized within certain regions of murine and human tumors regardless of tumor stage, location, or mode of initiation. The cells showing high clusterin levels generally lacked differentiation markers and adenomatous polyposis coli antigen. Tumor cells undergoing apoptosis expressed low levels of clusterin. Its specific expression patterns and correlation with cellular events during tumorigenesis make it a useful diagnostic tool in the mouse and a potential contributor to the set of biomarkers for early detection of human colon cancer. C olorectal cancer ranks third among all cancers in terms of occurrence and death rate among both male and female populations of the United States (1) . Yet, like many other cancers, colorectal cancer can be completely cured by surgery if detected at early stages (2) . Current methods for the early detection of this cancer include the fecal occult blood test, flexible sigmoidoscopy, double-contrast barium enema, and colonoscopy (1) . However, each of these suffers from inaccuracy and͞or poor compliance; therefore, it would be valuable to develop new methods to effectively detect early colorectal tumors.
Changes in gene expression profile occur as tumors develop and progress (3) . Tumor suppressor genes are commonly suppressed, while oncogenes are activated in this process. In addition, the expression levels of many other related genes are also altered, owing to the dramatic functional changes of the cell population and͞or regulation within tumors. Study of the expression patterns of tumor-related genes provides not only valuable information for the biology of cancer but also indicators for cancer detection and diagnosis. In recent years, tumorassociated molecules, termed biomarkers, have been identified and developed as sensitive indicators of certain early tumors. For example, elevated prostate-specific antigen is associated with prostate cancer (4); nuclear matrix protein, fibrin͞fibrinogen product, and bladder tumor antigen are potential biomarkers for bladder cancer (5); estrogen receptors, mutant p53, bcl-2, and HER-2 neu oncogenes are currently the most useful markers for the detection of breast cancer (6); and ␣-fetoprotein serves as an accurate monitor during progression and chemotherapy of certain forms of testicular cancer (7) . The use of molecular biomarkers offers both convenience and accuracy compared with other detection methods.
Seeking molecular biomarkers for intestinal tumors, we compared RNA of intestinal tissues collected from WT C57BL͞6J (B6) and from C57BL͞6J-Apc Min/ϩ (B6-Min) mice. The latter strain, carrying the multiple intestinal neoplasia (Min) mutation in the adenomatous polyposis coli (Apc) gene (8) , develops tumors throughout the intestinal tract (9) . This line provides an experimental model for one type of the human familial intestinal cancers (10) . With PCR-based subtractive hybridization and differential screening, genes with elevated expression in the tumor-bearing intestine were identified.
One of the molecules identified by this procedure is clusterin. Clusterin mRNA and protein were both elevated in intestinal tumors. Because the cellular functions of clusterin are not yet known, we further investigated the relationships between clusterin expression and loss of Apc function, intestinal cell differentiation, cell proliferation, and apoptosis. Further, we have established that elevated clusterin expression is found in both early and late intestinal neoplasms in the mouse, regardless of position in the intestinal tract or mode of tumor initiation. Finally, we have found that expression of the clusterin gene is altered in human colorectal cancer: clusterin antigen is elevated in early intestinal lesions, benign polyps, adenocarcinomas, and normal epithelia adjacent to tumors.
Materials and Methods
Mouse Husbandry and Genotyping. The B6 WT, B6-Min, and SWR͞J (SWR) mice were obtained from The Jackson Laboratory. All mice were bred, housed, and genotyped for Min in the American Association of Laboratory Animal Care-approved animal facility of the McArdle Laboratory as described (8, 11) .
RNA and mRNA Isolation. The entire intestinal tracts from WT and Min mice were removed at 100 days of age and fixed immediately in RNAlater RNA Stabilization Reagent (10 ml͞g of wet weight; Qiagen, Valencia, CA). Total RNA and mRNA samples were isolated with TRIzol reagent (Invitrogen) and a Poly(A) Purist mRNA Isolation Kit (Ambion, Austin, TX) respectively, according to the manufacturers' protocols.
Suppression Subtractive Hybridization and Differential Screening.
Subtractive hybridization with mRNA samples from tumorbearing intestines and normal intestines and subsequent differential screening were performed with the PCR-Select cDNA Subtraction Kit and the PCR-Select Differential Screening Kit (CLONTECH), according to the manufacturer's protocols. The resulting clones were sequenced on an Applied Biosystems 377 sequencer, and their sequences were compared with those in GenBank by using the BLAST search tool.
Abbreviations: B6, C57BL͞6J; Min, multiple intestinal neoplasia, used as a genotypic abbreviation for Apc Min/ϩ ; TUNEL, terminal deoxynucleotidyltransferase-mediated dUTPbiotin nick end labeling.
Nonradioactive in Situ Hybridization. RNase-free paraffinembedded sections of intestinal tumors were prepared as described. The protocol for nonradioactive in situ hybridization (12) , generously communicated by Chris Iacobuzio-Donahue (The Johns Hopkins University, Baltimore), was followed with modification. The complete modified protocol can be found in Supporting Materials and Methods, which is published as supporting information on the PNAS web site, www.pnas.org.
Immunohistochemistry and Immunohistofluorescence Assay. Immunohistochemistry and immunofluorescence assays were performed with paraffin sections of mouse and human tumors as described (13) 
Results
Subtractive Hybridization and Differential Screening. PCR-based subtractive hybridization was performed by using cDNA templated by RNA from the entire intestines of tumor-bearing Min mice from which cDNA from WT mice had been subtracted, all on the B6 background. The amplified cDNA fragments were then subcloned. After transformation, 1,056 white colonies were randomly selected and cultured. The subsequent differential hybridization screening revealed 127 clones with stronger signals with cDNA probes templated by RNA from tumor-bearing intestines than with cDNA probes from normal intestines. Sequencing revealed 71 distinct clones, including 12 not previously described. Twenty different clones (three novel) were used as probes for in situ hybridization; eight (one novel) demonstrated elevated expression in tumor cells. Interestingly, 1 of the 8 confirmed positive clones encoded clusterin, a widely distributed glycoprotein with undefined functions (14) , which is also represented by 6 of 127 of the original sequenced clones. Because clusterin was previously reported to be associated with apoptosis and several human cancers (14) , it was of great interest to study, in depth, the expression of clusterin in intestinal tumorigenesis.
Expression Pattern of Clusterin in Min Tumors. As a preliminary experiment, a Northern blot analysis with a clusterin cDNA probe confirmed the highly elevated level of clusterin in tumorbearing intestines compared with normal (data not shown).
The fine histological preservation in paraffin sections of tissues fixed with formalin enables us to investigate more deeply the cellular significance of the differential signal. Nonradioactive in situ hybridization was then used to characterize the spatial expression of clusterin. The path toward a deeper understanding starts with an analysis of expression at cellular resolution. Throughout the small intestinal tract, strong clusterin signals were localized only in the tumors ( Fig. 1 A and B) , and these signals were not detectable in the adjacent normal epithelium or in the muscularis or lamina propria. This result was confirmed by immunohistochemistry ( Fig.  1 C and D) . Staining for the clusterin antigen in the tumors was much stronger than that in normal tissues. The majority of the antigen was localized at the edges of tumor tissue toward the luminal cavities, suggesting that clusterin is secreted. Moderately to highly elevated levels of clusterin RNA were also detected in colonic tumors ( Fig. 1 E and F) .
To study the temporal expression pattern of clusterin, we collected and analyzed tumors at early and late stages of tumorigenesis. Microadenomas, normally involving no more than five crypts, as well as small adenomas up to 0.5 mm in diameter, were isolated from the small intestines of 29-day-old Min mice. Weak but noticeable up-regulation of the clusterin RNA signal was detected in some microadenomas by in situ hybridization ( Fig. 1 G and H, indicated by arrows) . With further development of the tumor, clusterin RNA levels seemed to be gradually elevated in small adenomas ( Fig. 1 I and J) . Invasive adenocarcinomas were isolated from an (SWR ϫ B6-Min)F 1 mouse at the age of 270 days. Cells in these tumors, including those invading the muscular layers, demonstrated strong expression of clusterin RNA ( Fig. 1 K and L) . Thus, the level of clusterin RNA increases as tumors progress. 
Clusterin Expression and Cellular Events in Tumors.
The pattern of clusterin expression was heterogeneous in tumors ( Fig. 1 A, E, and K), perhaps reflecting different features of these cells. Such potential features were then explored with cellular markers, as described below.
Lack of Apc function, by loss, mutation, or silencing of the Apc WT allele, is a frequent event in intestinal tumorigenesis (18, 19) . Because the Apc protein is involved in degradation of ␤-catenin within the cytoplasm, loss of WT Apc leads to enhanced levels of cytoplasmic ␤-catenin protein (20, 21) . Tumor cells were therefore identified by dual-staining immunohistochemistry for Apc and ␤-catenin antigens ( Fig. 2A) . In situ hybridization for clusterin on an adjacent section (Fig. 2B ) indicated that these tumor cells commonly expressed a high level of clusterin. Clusterin-negative exceptions are indicated by arrows in Fig. 2 A and 
B.
Actively proliferating tumor cells commonly lack terminal differentiation markers (22, 23) . Some cells within intestinal adenomas do, however, express epithelial differentiation markers (24) . For example, in the normal intestinal epithelium, two differentiation markers, intestinal alkaline phosphatase (iAP) and small proline-rich protein 2a (sprr2a), are found at high levels in villi, but not in crypts. Yet in intestinal tumors, we detected the expression of iAP or sprr2a RNAs in a few tumor cells ( Fig. 2 C and E) . These heterogeneous expression patterns of iAP and sprr2a led us to investigate a correlation between clusterin expression and the differentiation status of cells within tumors. In situ hybridization for clusterin RNA on adjacent sections revealed that the majority of cells expressing high levels of clusterin lacked both differentiation markers (Fig. 2 D and F) . Conversely, the majority of cells expressing these markers lacked clusterin expression. This pattern of reciprocal expression between clusterin and markers for terminal differentiation was not universally observed, however. Some cells close to the edge of tumors expressed both clusterin and differentiation markers (indicated by solid arrows in Fig. 2 C-F) , whereas other tumor cells lacking both clusterin and differentiation markers could also be found (indicated by open arrows in Fig. 2 C-F) . Nevertheless, the canonical observation was that of reciprocal expression.
Clusterin and Apoptosis. Previous reports of different experimental models have presented both positive and negative correlations between clusterin expression and apoptotic index (14) . The fluorescent TUNEL assay, which specifically stains cells undergoing apoptosis (25) , was performed to investigate a correlation between apoptosis and elevation of clusterin expression within Clusterin and Cell Proliferation. Because clusterin expression is negatively correlated with both terminal differentiation and apoptosis in the Min mouse model, the relationship between clusterin levels and cell proliferation was investigated (23) . A rabbit polyclonal antibody against Ki67 antigen (Vector Laboratories) was used for immunofluorescence assays on sections of Min intestinal tumors. As expected, the cells within the tumors and at the base of crypts demonstrated strong proliferation signals (Fig. 2I) , and staining by Ki67 in tumors was heterogeneous. In situ hybridization for clusterin RNA on adjacent sections (Fig. 2 J) indicated that elevated clusterin expression in intestinal tumors was not correlated with Ki67 antigen distribution.
Clusterin Production in Human Colon
Tumors. Anonymous and archived human colon tissue samples collected during routine colonoscopy were acquired with approval from the Human Subjects Committee of the Institutional Review Board at the University of Wisconsin. Immunof luorescence assays for clusterin were performed with a polyclonal antibody against human clusterin (Research Diagnostics, Flanders, NJ) on sections histopathologically diagnosed as normal colonic tissues (n ϭ 2), hyperplastic polyps (n ϭ 3), tubular adenomas (n ϭ 1), villous adenomas (n ϭ 1), or invasive adenocarcinomas (n ϭ 1). Very low levels of clusterin antigen were detected in the cytoplasm of normal colonic epithelial cells (Fig. 3A) . Hyperplastic polyps (Fig. 3B) , commonly regarded as minor intestinal lesions and often found during colonoscopy, displayed weak clusterin levels in the crypts (Fig. 3C , located as shown in Fig. 3B ). Tubular adenomas (Fig. 3D ) have characteristic finger-like structures in sections and showed highly elevated clusterin antigen in the cytoplasm on the apical side, as well as multiple layers of nuclei and elevated cytoplasmic ␤-catenin (Fig. 3E , located as shown in Fig. 3D ). The villous adenoma (Fig. 3F) , another type of benign tumor collected in colonoscopy, displayed high levels of clusterin in the cytoplasm of the apical side in the tumor epithelial cells (Fig. 3G , indicated as G in Fig. 3F ). Interestingly, the epithelial cells in the morphologically normal crypts close to the adenoma (within 5 mm) also showed a strong clusterin signal in the cytoplasm near the apical cell membrane (Fig. 3H , indicated as H in Fig. 3F ). The most advanced colonic tumor investigated was an invasive adenocarcinoma (upper right area of Fig. 3I ). At this tumor stage, immunohistochemistry demonstrated that within the tumor cells that lack basal-apical polarization, where cytoplasmic ␤-catenin antigen was highly elevated, the clusterin antigen level was relatively weak compared with that in adenomas. Clusterin antigen can be seen in the intercellular cavities (Fig. 3J , located at J of Fig. 3I ). Remarkably, a strong clusterin signal was observed in the epithelial cells of normal crypts adjacent to the adenocarcinoma (Fig. 3K , located at K of Fig. 3I ). By contrast, in the crypts Ͼ1 cm from the edge of the adenocarcinoma, the cytoplasmic clusterin signal was weak, similar to that in normal colonic epithelium (Fig. 3L , shown at L in Fig. 3I ). 
Discussion
The identification of useful markers for detection and diagnosis of human colon cancer is a major goal of our research. A basic strategic principle is to use the homogeneous Min mouse model to generate candidate markers and then to test them on the more genetically and environmentally heterogeneous human materials. We have used PCR-based subtractive hybridization (26) to detect tumor-associated genes by enriching the cDNA of genes with higher expression levels (27) , either intrinsic to the tumor or indirectly elevated in the tumor-bearing tissue. False positives can be eliminated by Northern blotting and in situ hybridization. The latter ascertains the cellular region of differential expression. The subtraction approach is not stoichiometric, so that positive signals can be missed. However, it can detect novel cDNAs that may be absent from a microarray. Interestingly, clusterin, the marker gene described in this report, is absent from the list of 108 genes with elevated expression in colonic tumors in the serial analysis of gene expression (SAGE) database (28) . Absence of clusterin probably reflects the different sources of comparison. We have compared tissues from a pair of isogenically matched mice. By contrast, the SAGE comparison was made between human primary colon tumors and cultured human colon cancer cells versus cultured normal colon cells. Clusterin, also known as apolipoprotein J (29, 30) , TRPM-2 (31, 32), or SGP-2 (33) , is an enigmatic glycoprotein. Its expression is widely distributed in various tissues (14, 34) . Although identified two decades ago, its functions have not yet been fully elucidated (14, 34) . Previous reports have correlated clusterin expression with cell responses to stress (35) , cell damage recovery (36, 37) , senescence (38, 39) , tumorigenesis (14, 40) , and apoptosis (14) . In this report, we have demonstrated that clusterin expression is relatively uniform despite the regional differences of intestinal tumors in average size, frequency, and morphology (9, 24) . This uniformity suggests the importance of clusterin expression in general tumor physiology.
Up-regulation of clusterin in intestinal tumors has not been previously reported, although its high expression has been reported in several in vivo cancers and cancer cell lines (14) . The antibody used for immunohistochemistry was produced by using a highly glycosylated, secreted form of clusterin protein. As shown above, this antibody successfully detects the clusterin secreted from the tumor cells. Nevertheless, nonglycosylated clusterin could also be present intracellularly but not detected in our immunohistochemistry assay (41) . Thus, we prefer to judge clusterin expression on the basis of in situ hybridization.
Min tumors arising on different genetic backgrounds have allowed us to study the expression of clusterin at all tumor stages (42) from microadenomas through invasive adenocarcinomas (43), but not yet metastatic carcinomas. Expression patterns of clusterin at different stages indicate that this protein functions in the maintenance and͞or progression of tumors, but it is not clear whether it plays a role in tumor establishment. Note that elevated clusterin expression is qualitatively maintained in both murine and human invasive adenocarcinomas.
We have investigated correlations with other cellular parameters within fields of cells that are heterogeneous in clusterin expression. This heterogeneity in intestinal tumors reflects the cellular architecture involving multiple cell types and allowed us to investigate correlations between clusterin expression and cellular events that are critical to tumorigenesis.
Loss of tumor suppressor Apc function initiates tumorigenesis in the intestine (44, 45) . Cells expressing normal Apc protein within the tumors appear to be normal, except for hyperplasticity. Our results indicate a strong positive association between elevation of clusterin expression and loss of Apc function in tumor cells. This correlation was further confirmed by our results with N-ethyl-N-nitrosourea-induced and maintenance of heterozygosity tumors, where the WT Apc antigen was lost through different pathways. Some tumor cells lack WT Apc and display strong cytoplasmic ␤-catenin, but not clusterin. This result indicates that neither loss of Apc function nor increased cytoplasmic ␤-catenin directly induces clusterin expression.
Tumor cells are normally poorly differentiated (23) during uncontrolled proliferation. Lack of differentiation markers in most tumor cells with elevated clusterin expression suggests that clusterin may be one marker for intestinal tumor cells. Nevertheless, a small number of cells do not fit this paradigm and either displayed both clusterin and differentiation markers or neither. Thus, clusterin cannot serve solo but must be joined into a set of tumor markers. In various models under different circumstances, clusterin may exert antiapoptotic or proapoptotic activities (14) . Our observations are consistent with an antiapoptotic function of clusterin: the tumor cells with high apoptotic index are commonly deficient in clusterin expression.
The correlations of the expression pattern of clusterin with other cellular events suggested potential functions of clusterin in intestinal tumors. By introducing the Min allele into viable clusterin-deficient mice (46) , the functional impact of clusterin expression on intestinal tumorigenesis can be investigated in the Min mouse model.
The mouse-generated candidate markers must be validated on human material for further use in the detection of colon cancer. High levels of RNase activity in colonic tissue make it challenging to fix macroscopic human biopsy samples without loss of RNA signal. The reliability of in situ hybridization with these samples requires further investigation. Alternatively, we have used immunofluorescence assays to validate clusterin production in the human tumor samples, because protein antigens are relatively stable and more directly coupled to analytical chemistry through radioimmunoassay or mass spectrometry. Elevated clusterin production in the human colonic tumors matched that in the mouse. The measurable elevation of antigen production in adenomatous polyps indicated that up-regulation of clusterin occurs very early in human colonic neoplasms. Staining of clusterin protein in the apical cytoplasm of tumor cells and in the intercellular cavities suggests that this protein may be secreted from the tumor cells. The comparison between murine and human adenocarcinomas was intriguing. By in situ hybridization, the murine adenocarcinoma showed strong elevation of clusterin mRNA in the invasive tumor cells. By immunofluorescence assay, the human adenocarcinoma showed only a slight increase in clusterin antigen production. Further studies are needed to ascertain whether these differences are fundamental or a reflection of the different detection methods.
The high level of clusterin antigen in the apical cytoplasm of morphologically normal human colon crypts adjacent to the adenomas or adenocarcinomas, but not in normal crypts far removed from the tumors or in tumor-free colonic tissues, was unexpected. We consider two hypotheses: tumor cells may release a paracrine factor that stimulates neighboring normal crypts to overexpress clusterin, or the secreted clusterin protein released from tumor cells may bind to the neighboring normal crypt epithelial cells and then be endocytosed into the apical cytoplasm of the recipient cells.
Clusterin antigen seems to be a sensitive and stable histological marker for murine and human intestinal tumors. This property makes clusterin a potential indicator for diagnosis of human colorectal cancer. Furthermore, elevated production of clusterin antigen, if secreted from tumor cells, may be detected in body fluids, such as serum. The intracellular polypeptide may also be detected from the exfoliated tumor cells contained in stool samples. It is important to investigate whether markers derived from clusterin can be used as part of a set of indices for early detection of human colorectal cancer.
